Springs Instrument (Yellow Springs Instrument Co., Yellow Springs, Ohio) Series 400 thermistor probe connected to a signal conditioning network (George, 1982) . The analog outputs from the signal conditioning network were converted to digital format and stored on floppy disks using an Analog Device AD363 data acquisition system (Analog Devices, Norwood, Mass. ) interfaced with a Southwest Technical Products (Southwest Technical Products Corp., San Antonio, Texas) 6809 microcomputer. Data were plotted on a Houston Instruments (Houston Instruments, Austin, Texas) 2000 X-Y plotter. The DTA system can resolve freezing events that produce differential temperatures of ≈ 0.001C.
Intact buds were removed with a small section of adjacent stem tissue from the middle portion of l-year-old canes for all dates, except 'Red Lake' buds tested on 19 Nov. On this date, bud scales and leaves surrounding the inflorescence were removed before being frozen. Each sample was placed in an aluminum foil cup and attached to a thermistor. An empty aluminum foil cup was attached to the reference sensor to balance the heat capacity of the reference and sample chambers. The temperature was lowered rapidly to 0C and cooling was initiated at 3C/h when the bud temperature was within 2C of the reference temperature. Data were collected at 40-sec intervals until the sample temperature reached -40C.
After the DTA test was completed, samples were removed from the chamber and placed in vials containing formalin-acetic acid-alcohol (FAA) fixative. Samples were mailed to the Appalachian Fruit Research Station, Kearneysville, W.Va., where they were dehydrated in a graded ethanol series, dissected, and examined under a stereoscope. Additional nonfrozen control samples were also fixed in FAA and prepared for SEM in Kearneysville. Dehydrated buds were critical-point-dried with CO 2 , sputter-coated with gold palladium alloy, and examined on a Cambridge StereoScan 120 electron microscope (Cambridge Instruments, Cambridge, England) operated at 8 kV.
In Dec. 1990 , additional DTA experiments were conducted on the following tissues: 1) intact sections of canes in which the floral bud had been removed; 2) cane samples of pith and Abbreviations: DTA, differential thermal analysis; HTE, high-temperature exotherm; LTE, low-temperature exotherm; SEM, scanning electron microscopy. . !.. xylem only; 3) phloem and periderm only; and 4) the nonliving portion of the periderm. In these experiments, the temperature in the freezer was lowered rapidly and cooling at 3 or 25 C/h was begun when the reference sensor reached 2 or 10C, respectively. Data were collected at 40-sec intervals when samples were cooled slowly and at 10-sec intervals when cooled more rapidly.
Viability tests. Experiments with 'Danka' and 'Red Lake' were conducted on 15 Nov. 1989 and 19 Jan. and 21 Mar. 1990 . Five samples (3 cm each) were removed from canes as previously described, placed in moist cheesecloth, and wrapped in aluminum foil for each of the eight test temperatures. A 0.51 -mm-diameter (24-gauge) copper constantan thermocouple was attached to the canes to monitor tissue temperature. Thermocouple output was recorded on a Honeywell (Honeywell Process Control Div., Fort Washington, Pa.) Electronic 112 multipoint recorder. Samples were placed in a programmable Tenney Jr. freezer (Tenney Engineering, Union, N.J.) and then held at -3C for 12 h. During this time, the cheesecloth froze and seeded the tissue with ice at about -lC. After 12 h, samples were cooled at 3C/h and removed from the freezer at 3C intervals at temperatures estimated to result in bud injury. The tissue was then placed in thermos bottles at 2C and allowed to thaw for 24 h. Samples were then incubated at room temperature for 5 days before examination of floral bud injury under a dissecting microscope.
Results and Discussion
DTA of bud samples. Two types of LTEs were detected from bud samples cooled at 3C/h ( Figs. 1 and 2 ). The first type of exotherm appeared as an abrupt deflection from the baseline. In flower buds of other genera, this type of LTE was correlated with the rapid release of heat following the crystallization of supercooled water in floral tissue (George et al., 1974; Quamme, 1974; Warmund et al., 1988) . In 'Red Lake' samples, up to four abrupt LTEs were detected in November (Table 1) . By January, one to 11 LTEs were evident in DTA plots, and in March, up to three abrupt exotherms were detected. At all three dates, both small (s3 mm) and large LTEs were present. The peak height of a LTE is related to the amount of water crystallizing after a nucleation event (Pope and Judd, 1977) . The many LTEs detected in January may be related to bud moisture content. As tissues desiccate in winter, fractions of tissue water may become isolated. Nucleation of these small fractions of isolated water may have produced the numerous LTEs. Floral buds of 'Danka' also exhibited up to six sharp LTEs (Table 2) . Both large and small exotherms were detected at all test dates. The median LTE for 'Red Lake' buds in November, January, and March was -21.0, -18.1, and -22. IC, respectively. The median LTEs of 'Danka' at the same sampling dates were -26.7, -23.6, and -26.5C, respectively. The median exotherm has been used by Andrews and Proebsting (1983) to estimate the T 50 (temperature at which half the flowers were injured) of cherry buds.
The second type of exotherm detected in bud samples was a broad peak, indicating a prolonged freezing event (Figs. 1 and  2 ). In DTA thawing curves, this fraction of water melted above -4C, indicating that this water also supercooled. In 'Red Lake' samples, one broad peak occurred in the range of -15 to -22C at all test dates (Fig. 1) . The average temperature at one-half the peak area (TPA 50 ) was -19.9, -18.8, and -19.4C for November, January, and March, respectively (Tables 1 and 2) . Two broad exotherms occurred in 'Danka' samples in the range of -14 to -20C and -20 to -25C (Fig. 2) . The average TPA 50 of the first exotherm was -16.4, -16.7, and -16.3C in November, January, and March, respectively. The average TPA 50 of the second exotherm was -23.2C at the first two sampling dates and -22.5C at the final date. The TPA 50 has been used previously to quantify similar exotherms (George et al., 1977) . Bud scales and leaves surrounding the inflorescence of 'Red Lake' samples were removed in the 19 Nov. test to determine whether the broad exotherm was associated with freezing outside the floral axis. DTA results were similar to those detected from intact buds. Experiments conducted on 'Danka' samples in Dec. 1990 revealed that the broad exotherm in the range of -14 to -20C was present when the floral bud (Fig. 3) was removed from the cane sample and when phloem and periderm tissues or nonliving periderm was subjected to DTA, regardless of the cooling rate. In contrast, the broad exotherrn at -14 to -20C was not observed when the pith and xylem tissues were tested. George (1982) reported a similar exotherm that was associated with supercooling of water in the nonliving periderm of Juniperus virginiana L. stems. This exotherm was unrelated to injury in the stem tissue. The second broad exotherm, detected from 'Danka' bud samples in the range of -20 to -25C in DTA experiments conducted in Nov. 1989 through Mar. 1990, was not apparent in experiments conducted in Dec. 1990 . Thus, it is unclear if this second broad exotherm is related to freezing injury in 'Danka' floral buds. Viability tests. None of the buds examined exhibited oxidative browning, after exposure to temperatures at or below -36C. However, at all three sampling dates, the floral tissue appeared turgid at -24C, but was flaccid and water-soaked by -27C. The similar hardiness response at all test dates maybe attributed. to exposure to temperatures below -5C in the, 7 days preceding each collection.
Examination of the buds after freezing revealed that the inflorescence of all samples was well developed by November. In 'Red Lake' buds, as many as 25 flowers were noted under the dissecting microscope, while up to 15 flowers were present in 'Danka' buds. In red currant, flowers are generally borne along a single raceme per bud, while those of black currant occur on one to four short racemes (Harmat et al., 1989; Wright, 1985) . Flowers in both species had differentiated sepals, petals, stamen, and carpels by 13 Nov. (Fig. 3) . The number of LTEs detected from DTA samples did not correspond to the number of flowers on racemes in each bud. The large peak size of most of the abrupt LTEs may indicate that several flowers froze simultaneously. Since the flowers did not exhibit oxidative browning in the viability test, it was impossible to verify the number of flowers injured at specific test temperatures. Attempts to quantify floral injury using 2,3,5-triphenyltetrazolium chloride were also unsuccessful. Moreover, it is uncertain if the very small LTEs (≤0.3 mm differential temperature) are related to freezing in individual flowers. Although the DTA results are difficult to interpret, water-soaked floral tissue was observed near the median LTE value.
In conclusion, supercooled tissue water was detected in floral buds of 'Red Lake' red currant and 'Danka' black currant. DTA experiments revealed multiple abrupt LTEs and one or two broad LTEs in bud samples. Abrupt LTEs appeared to be related to inflorescence injury. The broad LTE detected in the range of -14 to -20C in 'Danka' samples was associated with freezing in the nonliving periderm of the cane.
